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Known as a prominent recombination path at high excitation densities, exciton-exciton annihi-
lation (EEA) is evidenced in bulk hexagonal boron nitride (hBN) by cathodoluminescence at low
temperature. Thanks to a careful tune of the the exciton density by varying either the current
or the focus of the incident electron beam, we could estimate an EEA rate of 2×10−6 cm3.s−1 at
T = 10 K, the highest reported so far for a bulk semiconductor. Expected to be even stronger in
nanotubes or atomic layers, EEA probablly contributes to the luminescence quenching observed in
low-dimensionality BN materials.
2D materials are of great interest as novel physical
properties arise from their highly anisotropic structure.
They can be thinned down to the monolayer and various
layered material can be stacked to create an artificial Van
der Waals heterostructure with controlled and multifunc-
tional properties. Hexagonal boron nitride, an indirect
wide bandgap semiconductor (>6 eV), is one of the key
materials in this topic. It has been demonstrated to be
the best insulating material for improving electron mobil-
ity in graphene [1], and revealing close-to-homogeneous
excitonic linewidths in transition metal dichalcogenides
[2] as a well as a suitable dielectric spacer in devices [3].
Nevertheless, some properties of hBN remains to be fully
understood, starting with the most prominent of them
which is its luminescence efficiency in the deep UV range
(215 nm). Recently we measured a ∼50% internal quan-
tum yield for the radiative recombinations of indirect
excitons in hBN and evidenved its ∼300 meV binding
energy [4]. Such tightly-bound excitons brings the radia-
tive efficiency of an indirect bandgap semiconductor to
the level of a direct one. Such unique and outstanding
luminescence features clearly deserve further investiga-
tions.
Up to now, the luminescence properties have been
poorly investigated, due to instrumental difficulties in
conducting suitable photoluminescence experiments in
the UV-C range (4.43 - 12.4 eV). An alternative approach
is to perform cathodoluminescence (CL). In such a way,
Watanabe et al. could already point out the strong lu-
minescence of hBN as well as a lasing effect in their pi-
oneering work on single crystals[5]. In the Fig.5 of ref
[5], below the stimulation threshold, one could notice a
sublinear dependence of the luminescence intensity with
increasing electron beam current. This is unusual since
a linear dependence is generally expected for free exci-
ton recombinations in semiconductors [6]. A sublinearity
might be caused by exciton-exciton annihilation (EEA),
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a type of Auger recombinations for excitons, which is ev-
idenced in this work.
For affecting the performances of transistor devices op-
erating at high power, lasers and solar cells, Auger re-
combinations of free charge carriers have been studied
extensively since the early times of semiconductor physics
(see Ref. [7] for a review). The efficiency drop of GaN
light-emitting diode (LED) at high current is a current
example where Auger recombinations are still under dis-
cussion [8]. Auger effects also occur with free excitons
and are known to prevent reaching the high exciton den-
sities required for the investigation of many-body effects.
For instance, EEA is detrimental for Bose Einstein con-
densation (BEC) of excitons in copper oxyde crystals [9].
Enhanced at low dimension, EEA limits the luminescence
efficiency in a large panel of nanomaterials such as 2D
layers [10, 11], carbon nanotubes [12] and quantum dots
[13].
In this letter, taking advantage of our recent effort for
achieving measurements of the luminescence efficiency
using CL [4], we present a quantitative study of the
exciton-exciton annihilation (EEA) in high quality hBN
crystals. Two kinds of experiments are performed. In the
first one, hBN intrinsic luminescence intensity is classi-
cally studied as a function of the electron beam current
to evidence the EEA effect in hBN. In the second ex-
periment, the intensity is analyzed as a function of the
excitation surface, providing a first estimate of the EEA
rate in hBN.
Experiments are performed on a hBN single crys-
tal grown with the high-pressure and high-temperature
(HPHT) method [14]. Such crystals are recognized as of
the highest cristallinity and purity available today [15].
The cathodoluminescence spectra were acquired on the
best regions of the sample, selected by CL imaging, with
a JEOL7001F field-emission-gun scanning electron mi-
croscope (SEM) coupled to a Horiba Jobin-Yvon detec-
tion system as described in Schue´ et al. [15]. Thanks
to the intensity calibration of the setup with a reference
deuterium lamp, the absolute CL intensity is expressed
in photons/s and opens the possibility to evaluate the
luminescence efficiency [4]. The sample is mounted on
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2a Gatan cooling stage for a CL analysis close to liquid
helium temperature, the sample holder being at 10 K.
In order to avoid charging effects during CL analysis, a
5 nm semi-transparent gold film was evaporated on the
crystal. All results were obtained using a 5 keV incident
electron beam.
Exciton-exciton annihilation (EEA) being dependent
on the exciton density, one has to control the excited
volume in order to investigate this phenomenon. At a
given incident electron energy in a SEM, the exciton
density can be tuned using either the beam current or
the beam focusing as shown in the early works of Casey
et al. [16] and sketched in Figure 1(a) and (b). For
current-dependent experiments, the beam current was
varied from i = 0.06 nA up to 12 nA, as measured with a
Faraday cup. The other option is to defocus the electron
beam in order to increase its impact surface on the sam-
ple. This is done here by overfocusing the electron beam
i.e. by decreasing the objective-lens focal length. The
irradiated surface area S is measured thanks to the car-
bon contamination marks visible in secondary electron
images. The focused beam diameter is typically 1.8 - 5
nm within the used current range. In defocused condi-
tions the beam diameter was increased up to 14.5 µm.
The beam defocusing increases the excited surface by al-
most 8 orders of magnitudes, which provides an efficient
way to dilute the exciton density.
hBN CL spectra are displayed in Figure 1. The near
band edge luminescence spectrum exhibits five peaks at
energies 5.935, 5.894, 5.864, 5.795 and 5.768 attributed to
the radiative recombinations of the indirect free exciton,
assisted by ZA, TA, LA, TO, LO phonons respectively
[17]. No peak broadening could be observed, even at
highest excitation densities, which indicates the absence
of significant heating of the exciton gas. The sample lu-
minescence exhibits low defect-related luminescence: no
D lines around 5.5 eV related to extended structural de-
fects [18] could be detected, and deeper defects only give
rise to a weak luminescence at 4.1 eV as seen in the 200-
400 nm spectrum (see Supplementary Material A).
At low beam current (Fig.1(c)), the beam focusing is
of no influence on the luminescence intensity. CL spec-
tra are almost superimposable, meaning that the lumi-
nescence is not affected by the exciton density. At high
current (Fig.1(d)), focusing the electron beam leads to a
decrease of the CL intensity by an order of magnitude,
while the other spectral features remain unchanged. This
evidences a nonradiative recombination process which oc-
curs at high exciton densities. Exciton-exciton annihila-
tion is proposed here to account for the observed lumi-
nescence quenching and briefly described in what follows.
The exciton-exciton annihilation arises from an inelas-
tic collision between two excitons, writing X+X → X. It
appears as a type of Auger process, where one of the ex-
citons transfers its energy (≈ 6 eV) to the other one, the
excess of energy being further dissipated non-radiatively
through multi-phonon emissions. The EEA can be de-
scribed by the following rate equation:
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FIG. 1. Effect of the excitation density on the radiative re-
combination intensity of free excitons in hBN at T = 10 K.
Schematic diagram of defocused (a) and focused (b) electron
beams exciting the sample. S denotes the irradiated surface
area and z the electron penetration depth. CL spectra are
compared when using defocused (S = 49 µm2) or focused
beams at a current (c) 0.06 nA and (d) 12 nA.
dn
dt
= g − n
τ
− γn
2
2
(1)
where n is the density of excitons (cm−3), g is the gener-
ation rate per volume unit (cm−3.s−1), τ is the exciton
lifetime without EEA effect (s) achieved at low excitation
and γ is the EEA rate (cm3.s−1). The 1/2 factor on γ
accounts for the fact that the EEA leaves one remaining
exciton over the two initial ones.
EEA is usually studied thanks to time resolved pho-
toluminescence (TRPL) for various laser fluences. This
has not been done for hBN yet but TRPL profiles can be
found in the literature. They show a strong discrepancy
in the temporal decay of the exciton luminescence: sin-
gle exponential [19] and multi-exponential decays [17, 20]
were both reported. This is understood in this work as
due to different excitation densities, a single exponential
decay being the signature of low excitation conditions.
The solution of equation (1) in pulsed regime indeed uni-
fies these apparently contradictory results, as shown in
the Supplementary Material B. A free exciton lifetime of
600 ps at 8 K is extracted from the single exponential de-
cay reported in Ref. [19]. The result was obtained from
3a hBN single crystal also grown with the HPHT method
under the same growth condition to our samples. We will
then assume that τ = 600 ps under low excitation in the
hBN crystal investigated here.
In the present CL experiment, EEA arises under a con-
tinuous electron-beam excitation provided in a SEM. In
such a steady-state regime, the solution of the rate equa-
tion (1) is expressed as
n =
1
γτ
(
√
1 + 2γτ2g − 1) (2)
The CL intensity is directly related to the amount
of excitons radiatively recombinating: ICL = nV/τrad,
where V (cm3) is the volume occupied by the exciton gas,
and τrad (s) the exciton radiative lifetime. By keeping all
others experimental parameters fixed, the luminescence
intensity as a function of the beam current, i, writes
ICL(i) = A(
√
1 +Bi− 1) (3)
where the A and B factors are constants (see Sup-
plementary Material C for their complete expressions).
The classical behaviour is obtained at weak excitations
ICL(i) ∝ i, while at strong excitations, the luminescence
intensity undergoes a sublinear dependence ICL(i) ∝
√
i
due to EEA.
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FIG. 2. Integrated intensity of the free exciton CL (209-217
nm) as a function of the electron beam current. Circles are
measured for a defocused beam (S = 49 µm2) and squares for
a focused one as depicted in Fig.1(a) and (b). Data were col-
lected for increasing current steps and ended with a repeated
point at low current (open symbols) to check the absence of
degradation. Solid lines correspond to fits described in the
text. Inset: luminescence efficiency (LE).
The results are plotted in Fig. (2) showing the CL in-
tensity as a function of the electron beam current. A di-
luted excitation is first obtained using a defocused beam,
such as the impact surface is kept at 49 µm2 during the
experiment. In these conditions of a diluted exciton gas,
we observe the CL intensity is proportional to the exci-
tation current, as shown by the unity-slope of the linear
fit. This result indicates that many-body interactions
such as EEA do not occur, excitons being too far apart
from each other to interact. The luminescence efficiency
appears almost constant at about 5% over the studied
beam current range, consistently with the value found at
5 kV in our previous work, performed at low current, i.e.
in the absence of EEA [4].
Much higher exciton densities are obtained when the
electron beam is focused on the sample surface. In
this case, Fig.2 shows that the CL intensity exhibits a
square root dependence at high currents, providing a
strong evidence that the recombination process is based
on two-particle collisions. This bimolecular process is
non-radiative, the LE drops by an order of magnitude at
12 nA, where EEA appears as the main recombination
channel for excitons.
In the case of a focused beam excitation, the free ex-
citon luminescence intensity is well described by Eq. (3)
as shown by the solid lines in Fig. 2 obtained with
A = 1.4 × 107 s−1 and B = 20 nA−1. However, the
exciton diffusion length in hBN remains unknown (un-
doubtedly larger that the focused beam diameter), the
effective volume V occupied by excitons is therefore dif-
ficult to estimate as well as the EEA rate γ.
On the contrary, with a sufficiently defocused electron
beam, i.e. when the beam impact surface area is much
larger than the exciton diffusion length, the excitation
volume V can be considered to be proportional to the im-
pact surface area S. Here the volume was calculated as-
suming a cylindrical geometry V = Sz, where the depth
of excitation z = 308 nm was obtained from Monte Carlo
simulations at 5 keV (Sup. Mat. D) and S was measured
thanks to the contamination marks on SEM images.
Fig.3 shows the results obtained in volume-dependent
experiments at fixed current. As the electron beam is
progressively defocused, we observe that the lumines-
cence efficiency increases up to an order of magnitude.
We find again a maximum LE of 5 % as in the previ-
ous current-dependent experiment. Increasing the im-
pact surface dilutes the exciton gas, the EEA becomes
weak and the LE reaches its maximum.
Eq. 2 also provides a description of the CL experiment
as a function of the excitation volume at a fixed current,
which expresses as
ICL(V ) = Imax
(√
1 +
2Vc
V
− 1
)
V
Vc
(4)
where Imax is the maximum CL intensity recorded in the
limit of low exciton densities. Vc = γGτ
2 is a charac-
teristic volume at which EEA becomes significant. Com-
pared to Imax obtained for a diluted exciton gas, the
CL intensity drops by 27% at Vc and by 50% at Vc/4 .
Interestingly, Imax and Vc can be determined indepen-
dently from the experimental data. The best fit of Fig.3
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FIG. 3. CL intensity of free exciton recombinations in hBN
(integrated from 209 to 217 nm) as a function of the excited
surface or volume with i=12 nA. The solid line is the best fit of
ICL(V ) according to Eq.4 giving Imax = 1.8×109 photons.s−1
and Vc = 15.9 µm
3. An SEM image of the contamination
marks used to measure the irradiated surface area S is shown
in inset.
according to Eq.4 gives Imax = 1.8 × 109 photons.s−1
and Vc = 15.9 µm
3. In this experiment, the generation
rate G is 1.9× 1013 s−1 as deduced from the current and
acceleration voltage used for the electron beam (see Sup-
plementary Material C). With a lifetime of τ = 600 ps
[19], the order of magnitude found for the EEA rate is
2× 10−6 cm3.s−1.
A characteristic exciton density for the occurence of
the EEA can also be inferred from Fig.3. At Vc, the exci-
ton density is nc = (
√
3−1)Gτ/Vc. Then the EEA starts
to occur (27% of luminescence losses) at a typical density
of excitons equal to 5.3× 1014 cm−3 , which corresponds
to an average exciton-exciton distance of 120 nm. It is
important to remind that excitons are extremely com-
pact in hBN. The in-plane extent of the exciton Bohr
radius is only a few lattice constants [21]. The EEA pro-
cess in hBN probably involves an exciton diffusion step
as discussed in WSe2 [22], black phosphorus [23] and or-
ganic semiconductors [24–26]. TRPL experiments would
be needed to obtain a more detailed understanding of the
EEA mechanism in hBN.
To our knowledge, the highest EEA rate in bulk semi-
conductors was obtained in Cu2O crystals, in the 0.5-
4×10−7 cm3.s−1 range at low temperature [27, 28]. The
2.2×10−6 cm3.s−1 EEA rate obtained for hBN clearly
exceeds the Cu2O case, so that hBN appears as the bulk
semiconductor crystal where EEA is the strongest. The
fundamental optical constants of hBN should then be
measured at low exciton density. For applications to UV
light sources[29], EEA has also to be avoided to preserve
the very bright hBN luminescence and specific designs
will probably have to be developped.
At low dimensionality, EEA is generally enhanced [10,
12, 13]. This is well illustrated in the experimental works
of Yuan et al.[11], where the EEA rate recorded for a
single layer (1L) WS2 is two orders of magnitude larger
than for 3L WS2. A few theoretical works have pointed
out the relationship between EEA and exciton properties.
In bulk crystals, it has been proposed that the EEA rate
scales with the exciton Bohr radius a, γ ∝ 1/a2 [28].
In 1D systems such as carbon nanotubes, the EEA rate
is expected to depend on the bandgap, Eg, and exciton
binding energy, Eb, giving γ ∝ (Eb/Eg)3 [30]. Though
theoretical works would clearly deserve to be completed,
it seems clear that EEA is generally enhanced for excitons
of high binding energy.
The 0.3 eV binding energy of the excitons responsible
for the bulk hBN luminescence [4] is predicted to increase
to 2.1 eV for BN monolayers and more than 3 eV in BN
nanotubes [31]. As a consequence, excitons in 2D and
1D BN probably face giant EEA effects. This might be a
reason explaining why no free exciton luminescence could
be detected so far, neither for 2D hBN flakes thinner than
6L [15], nor for single-wall boron nitride nanotubes [18].
As a summary, we have evidenced for the first time
exciton-exciton annihilation in bulk hBN single crystals
with CL experiments. The quantitative evaluation of the
hBN EEA rate has been achieved by using a controlled
defocusing of the electron beam. The order of magnitude
found for EEA in hBN appears as the strongest reported
so far in bulk semiconductors. The brightness promises
of hBN for deep UV light-sources then faces an intrinsic
limitation with a non radiative EEA process. Expected
to be even stronger in BN nanotubes or atomic layers,
EEA should be also considered to explain the origin of
their luminescence quenching.
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